The emerging picture of frontal scale air-sea interaction derived from high-resolution satellite observations of surface winds and sea surface temperature (SST) provides a unique opportunity to test the fidelity of highresolution coupled climate simulations. Initial analysis of the output of a suite of Community Climate System Model (CCSM) experiments indicates that characteristics of frontal scale ocean-atmosphere interaction, such as the positive correlation between SST and surface wind stress, are realistically captured only when the ocean component is eddy resolving. The strength of the coupling between SST and surface stress is weaker than observed, however, as has been found previously for numerical weather prediction models and other coupled climate models. The results are similar when the atmospheric component model grid resolution is doubled from 0.58 to 0.258, an indication that shortcomings in the representation of subgrid scale atmospheric planetary boundary layer processes, rather than resolved scale processes, are responsible for the weakness of the coupling. In the coupled model solutions the response to mesoscale SST features is strongest in the atmospheric boundary layer, but there is a deeper reaching response of the atmospheric circulation apparent in free tropospheric clouds. This simulated response is shown to be consistent with satellite estimates of the relationship between mesoscale SST and all-sky albedo.
Introduction
Recently available high-resolution satellite observations of sea surface temperature (SST) and near surface winds have revealed fundamentally different air-sea coupling mechanisms on the scale of ocean fronts and eddies (horizontal scales of 10s to 100s of kilometers) compared to those on gyre to basin scales (Xie 2004; Chelton et al. 2004) . At midlatitudes and large scales, higher surface winds tend to be associated with cool SST anomalies as a result of increased turbulent fluxes of sensible and latent heat out of the ocean and turbulent entrainment of cooler thermocline water into the surface layer; that is, the SST anomalies result from forcing by the atmosphere (e.g., Alexander et al. 2002) . In contrast, at smaller spatial scales characteristic of ocean fronts and eddies, positive near surface wind anomalies are found over warm SST features, an indication that in this regime the ocean is forcing the atmosphere. Small et al. (2008) provide a recent review of the physical mechanisms involved in frontal scale air-sea interaction. Maloney and Chelton (2006) , hereafter MC06, examined the ability of a number of coupled climate system models from the International Panel on Climate Change (IPCC) Fourth Assessment Report archive to simulate the positive correlation between SST and surface wind stress magnitude on short spatial scales. They found that few of the models examined were able to properly capture the essence of this relationship and, even in those that did, the magnitude of the response of the winds to SST anomalies was weak relative to observations. Most of the models were not able to simulate the basic response because their ocean component models did not have sufficient resolution to produce SST fronts on scales where the positive correlation arises. One of the models that they examined (the MIROC model) was available in high-and low-resolution versions. The high-resolution version exhibited a more robust correlation and much stronger coupling between SST and wind stress than the lower resolution version.
In this study we extend the analysis of MC06 to examine a suite of experiments carried out with the Community Climate System Model (CCSM) configured with higher resolution ocean and atmospheric components than previously available. In particular we employ a prototype version of the CCSM with an eddy-resolving ocean model (J. L. McClean et al. 2010, unpublished manuscript) . Our purpose is to determine whether, and the degree to which, increased resolution in the ocean and/or atmospheric components improves the ability of the climate model to simulate air-sea interaction processes on ocean frontal scales. While relatively small scale, these processes could have much broader impacts on the global climate system. For example, strong air-sea interaction over western boundary currents is critical to the formation of subtropical mode waters and, hence, the subduction of heat anomalies and trace gases into the ocean interior (Hanawa and Talley 2001) . Eastern boundary upwelling systems that support highly productive ecosystems can be strongly affected by relatively small-scale features in the wind stress distribution (Chelton et al. 2007) . In atmospheric GCM simulations, Minobe et al. (2008) demonstrate that sharp SST gradients in the Gulf Stream are necessary to reproduce the observed climatological precipitation distribution, extending the influence of small-scale air-sea interaction processes throughout the depth of the troposphere. Beyond the obvious need to assess the veracity of the representation of these physical processes in the climate model, this study provides some initial insight into the quality of high-resolution coupled climate model simulations on regional scales, an area where increased attention will be directed in the forthcoming IPCC Fifth Assessment Report.
In the following section we describe the model configuration, experimental design and data processing techniques. In section 3 we present the results. In the final section we discuss the relationship of these results to other studies, and the implications for the design of next generation climate system models.
Methods
The model used for this study is the NCAR Community Climate System Model version 3.5 (CCSM3.5) (Neale et al. 2008; Gent et al. 2009 ). The atmospheric component model, the Community Atmosphere Model (CAM) is based on a finite volume discretization rather than the spectral discretization of the governing equations used in earlier versions of CAM and has extensive changes in the parameterization of subgrid-scale processes that have resulted in a significant improvement in the simulation of tropical variability relative to CCSM3.0 (Neale et al. 2008) . Changes in the other component models, while less extensive, have also contributed to a reduction in systematic biases Gent et al. 2009 ).
Three configurations of the model are employed (Table 1) . Experiment 1 is the same experiment as described in Gent et al. (2009) . It uses an atmospheric component model with a zonal resolution of 0.6258 and meridional resolution of 0.58, coupled to ocean and sea ice components with a zonal resolution of 1.28 and meridional resolution varying from 0.278 at the equator to 0.548 at midlatitudes. This configuration has the same ocean resolution as used in the version of the CCSM analyzed by MC06, but the atmospheric resolution is approximately a factor of three finer. The second experiment (Craig et al. 2005) . Fluxes at the air-sea interface are calculated at 6-h intervals (daily in experiment 1) using atmospheric state variables interpolated onto the ocean model grid and conservatively remapped back to the other component model native grids. In all experiments the surface stress is computed from the relative motion of surface atmospheric winds and ocean currents. This provides an additional potential feedback process between ocean mesoscale variability and low level atmospheric flow (e.g., Small et al. 2009 ), though we do not investigate its role further in this study.
All model output used in this study is obtained from monthly mean sampling of the atmospheric component model, thus at that component's resolution. The monthly mean sampling available from these integrations does limit some aspects of the analysis. In particular, in the following we examine the relationship between wind stress curl and divergence with along-and crosswind components of the SST gradient. The later is nonlinear in the model variables, so should be more accurately computed instantaneously, and then the product averaged. For the purpose of this comparison, we have treated the satellite observations in the same way, forming monthly averages first, then computing products.
Following MC06, the small scale (high pass filtered) signal of interest here was isolated by subtracting fields that had been smoothed using a Loess filter with half power points at 108 latitude and 308 longitude, which is similar to a box car average with dimensions 68 latitude by 188 longitude. In the analysis of wind stress divergence and curl, the differentiation of the wind field is carried out prior to spatial filtering. To quantify relationships between the frontal scale SST features and those in wind stress, stress divergence and stress curl, we construct binned scatterplots, again following MC06. The procedure is to group data into bins 0.18C wide according to the local high-pass SST anomaly and then calculate bin averages and bin standard deviations of wind stress, which may be plotted in a scatter diagram fashion. The slope of the least squares line fit to the bin averaged data is referred to as the coupling coefficient and serves as a means to compare simulations to one another, to satellite observations, and to previously published analyses of other models. All statistical calculations are performed using four years of monthly model output, either using all months or the four month extended seasons (May to August or November to February), the latter chosen to allow for comparison with previously published results. Statistical significance, when shown, is calculated at the 95% level using a two-sided student t-test.
Satellite observations of wind stress and wind speed from QuikSCAT (Chelton and Freilich 2005) , SST from the Advanced Microwave Scanning Radiometer (AMSR) (Chelton and Wentz 2005) , and all-sky albedo estimates from the Clouds and the Earth's Radiant Energy System (CERES) instrument (Wielicki et al. 1996) on the Aqua spacecraft are used to evaluate the veracity of the model simulations. The spatial filtering and time averaging are carried out in an analogous manner as described above for the model output.
Results

a. Surface wind response to SST
Global maps of the temporal correlation between the high-pass filtered, lowest model level (approximately 5 hPa, or about 50m, above the sea surface) wind speed and the SST are shown in Figs. 1a-c for each experiment. The correlation between high-pass filtered 10-m neutral wind speed and sea surface temperature from satellite observations is shown in Fig. 1d . There are clear differences between the simulation using the noneddy-resolving ocean component (Fig. 1a ) and the two simulations using the eddy-resolving ocean component (Figs. 1b and 1c) , with the latter two in far better agreement with the observations (Fig. 1d ). In the experiment with the noneddyresolving ocean (Fig. 1a) , the correlation is predominantly very small or negative. In contrast, in the two experiments with the eddy-resolving ocean component and in the observations (Fig. 1d ), significant positive correlations emerge over regions with strong ocean eddies and fronts: the Gulf Stream and Kuroshio and their extensions, and over the path of the Antarctic Circumpolar Current in the Southern Hemisphere. The patterns of correlation in the two experiments with the eddy-resolving ocean model are very similar. There is a small increase in positive correlation in experiment 3 over experiment 2 within the latitude band of the Antarctic Circumpolar Current (by 0.1 to 0.2 in the zonal mean), but at other latitudes they are virtually the same.
The refined near-equatorial resolution in the noneddy resolving model is sufficient to allow a reasonably sharp front associated with the equatorial cold tongue and the emergence of tropical instability waves (TIWs), resulting Satellite observations. Model analysis computed using four years of monthly averaged output (48 months), observational analysis using AMSR and QuikSCAT data for [2002] [2003] [2004] [2005] [2006] . Green boxes delineate the regions used for the statistics presented in Table 2 .
in a region of weak, but significant, positive correlation in the eastern Tropical Pacific. This feature becomes more strongly positive and more spatially extensive in the higher resolution experiments as the TIWs become better resolved. This band of positive correlation has been studied extensively Hayes et al. 1989; Xie et al. 1998; Chelton et al. 2001 ).
The overall negative correlation in the noneddyresolving experiment 1 is a residual of the large-scale feedbacks as described in the introduction that still have some signature for length scales at the upper end of our filter cutoff. Reducing the filter cutoff length scale by a factor of 2 results in weaker (less negative) correlations in this experiment and stronger (more positive) correlations in the eddy resolving experiments (not shown). A few regions of significant negative correlation persist in the higher resolution simulations. Several of these are related to topographically controlled small-scale wind features such as the gap winds across the Central American isthmus (Chelton et al. 2000) and the northern end of the Mozambique Channel (Chelton et al. 2004 ). These same features are apparent in the observations. Other regions of negative correlation, for example, south of the equator in the central Pacific and north of the equator in the Atlantic, are positive or neutral in the observations. These appear to be the result of the overall smaller correlation (by 0.1 to 0.2 in the zonal mean) of the eddyresolving simulations relative to observations. Both observations and the eddy-resolving experiments show a minimum in correlation in these regions. The overall positive shift of the correlations in the observations relative to the simulations is enough to account for the local sign difference.
MC06 assessed the strength of frontal-scale air-sea interaction through the magnitude of the regression coefficient of wind stress on SST for selected western boundary current regions (see also Chelton et al. 2004; O'Neill et al. 2010a; L. O'Neill et al. 2010, unpublished manuscript) . The Agulhas Return Current south of Africa was one of the regions that they analyzed and has been the focus of a number of additional studies on this topic (O'Neill et al. 2003 (O'Neill et al. , 2005 Song et al. 2009 ) due to the presence of a strong topographically controlled quasistationary SST front and the relative remoteness from continental influences. Following the same procedures as employed by MC06, we present maps of the high-pass filtered November-February 4-yr mean SST and wind stress magnitude from the model experiments and satellite observations in Figs. 2a-d . Through this time averaging, only the stationary aspects of the SST fronts and wind stress response remain. The source of the positive correlation seen in Fig. 1 : covariability of high (low) wind stress over warm (cool) SST is clear in all three experiments and in the observations. However, with the exception of the pronounced dipole structure near 808E, the high-pass filtered fields have larger amplitude in the cases with the eddy-resolving ocean. The spatial scale of the high-pass filtered anomalies decrease, and become more realistic, with increasing ocean model resolution as expected.
Regression of wind stress magnitude on SST (Fig. 2,  right panels) for the Agulhas domain shows only a weak dependence on model resolution compared to the bias relative to observations. This suggests that, within this suite of experiments, the strength of the frontal-scale air-sea coupling is controlled by atmospheric model vertical resolution or properties of the atmospheric model subgrid-scale parameterizations (which are invariant among the experiments), rather than by the resolved scale atmospheric processes. This is consistent with the regional scale atmospheric modeling study of Song et al. (2009) where the dependence of vertical mixing on static stability within the atmospheric planetary boundary layer was shown to be the primary factor controlling the strength of the coupling. However, the boundary layer parameterization used in that study was different from the one used in CCSM, so a definitive test of this conjecture will require additional sensitivity experiments with perturbed model physics at fixed horizontal resolution.
The regression analysis has also been carried out in the Gulf Stream and Kuroshio Extension regions, with the results shown in Table 2 . Over each of these regions, the CCSM3.5 coupled models underestimate the regression coefficient derived from observations by a factor of 1.25-3.6. This is visibly evident in Fig. 2 where the magnitude of the SST anomalies in the eddy-resolving ocean experiments is quite comparable to observations, while the magnitude of the wind stress response remains weaker. The dependence of the regression coefficient on resolution is also small for the Northern Hemisphere boundary current regions. There is less variation in magnitude of the coupling across regions in the model than in the observations. Over each region, the bin averaged correlation increases with the increase in ocean model resolution, but there is not a significant change in the correlation with the doubling of atmospheric component resolution.
The response of the wind on crossing a SST front induces horizontal shear and divergence, depending on the angle between the wind direction and the front. The divergence of the stress is related to the local downwind component of the SST gradient and the curl of the stress is related to the crosswind component of the SST gradient (Chelton et al. 2001 (Chelton et al. , 2004 MC06; O'Neill et al. 2010a; L. O'Neill et al. 2010, unpublished manuscript) . The regression of wind stress curl and divergence on these components of the SST gradient are shown in Table 2 . For these regressions, the effect of increased resolution in the ocean component is apparent for all three regions considered. However, even for these differentiated quantities, there is not a systematic increase in the regression coefficients with increased atmospheric model resolution. As in observations, the coupling of wind stress curl and divergence is strongest over the Agulhas region. It is also noteworthy that, consistent with the satellite observations, the coupling is stronger for wind stress divergence than for wind stress curl in all 
b. Tropospheric response to SST
The investigation of ocean-atmosphere coupling in climate models by MC06 was limited to analysis of the surface wind stress and SST -quantities measurable by satellites. The eddy-resolving coupled climate model provides an opportunity to begin exploring the global three-dimensional structure of the atmospheric response to frontal scale SST anomalies. Several atmospheric variables along a zonal section centered on the Agulhas Return Current are shown in Fig. 3 for experiment 2. Several dynamical processes have been implicated in the atmospheric response to small-scale SST anomalies ), but two mechanisms have been hypothesized to be of fundamental importance. The first is vertical mixing of momentum through destabilization of the atmospheric boundary layer on the warm side of SST fronts. The second is an adjustment of the hydrostatic pressure gradient within the boundary layer to thermal anomalies. We see signatures of both mechanisms in these solutions.
There is a very close relationship between high-pass SST and atmospheric boundary layer height with a deeper boundary layer over warm SST (Figs. 3d and 3h) . The boundary layer is deeper overall in winter than summer, but the close correspondence holds in both seasons. The surface temperature signal is carried through the boundary layer but does not extend very far into the troposphere in the model (Figs. 3a and 3e) . The thermal anomalies tilt downwind with height as a result of advection by the large-scale westerly flow along the front, with the tilt being larger in winter as a result of the stronger winds in that season. The resulting surface pressure distribution (Figs. 3d and 3h ) reflects a hydrostatic adjustment to the SST anomalies but is shifted downwind as a result of advection of the temperature signal. The vertical wind shear is reduced over warm anomalies and increased over cold anomalies, consistent with the proposed vertical mixing mechanism (Figs. 3b and 3f) . Similar pressure distributions and vertical shear of the winds have been obtained from a mesoscale atmospheric model of the Agulhas Return Current region forced by observed SST (O'Neill et al. 2010b) .
A deeper response in the free troposphere is apparent in cloud fraction (Figs. 3c and 3g) . The small-scale positive anomalies in cloud fraction over warm SST represent a 20%-25% increase over the large-scale background fields. The deep reaching response of the cloud field appears to be related to vertical motion driven by convergence and divergence in the boundary layer, as described in more detail below. The opposite signed change in cloud fraction in the lowest level is related to relative humidity changes at the surface. While absolute humidity increases at all levels above the warm anomalies, the surface air temperature response is sufficient to create a decrease in high-pass filtered surface relative humidity with a consequent decrease in near surface cloud fraction. Minobe et al. (2008) show that pressure adjustment of the boundary layer in the Gulf Stream region leads to low-level convergence that can connect the surface with the free troposphere through rising motion. The convergence was shown to be proportional to the Laplacian of surface pressure, which in turn is closely tied to the Laplacian of SST. We show the degree of correspondence between these quantities for the Agulhas and Gulf Stream regions and the dependence on resolution in Figs. 4 and 5. The relationship described by Minobe et al. (2008) is TABLE 2. Bin-averaged regression coefficients and correlations (in parentheses). Top rows: wind stress magnitude jtj and SST; middle rows: divergence of wind stress $ Á t and the downwind component of the SST gradient; bottom rows: curl of wind stress $ 3 t and the crosswind component of the SST gradient. The regions, indicated by the green boxes in Fig. 1 apparent in both regions but much more strongly in the CCSM experiments with an eddy-resolving ocean component. For the eddy-resolving experiments, there are interesting differences in the spatial structure of the response between these two regions. In the Agulhas region, strong convergence occurs in compact regions within each meander of the current. The free tropospheric cloud response shown along 408S in Fig. 3 is collocated with the convergence centers seen in Figs. 4b-c. The strength of the convergence centers does not increase significantly with the increase in atmospheric model resolution. In the Gulf Stream region, the model response for the eddy-resolving cases (Figs. 5b and 5c ) is very similar to the result of Minobe et al. (2008) obtained from ECMWF reanalysis data. There is a coherent band of strong convergence along the warm side of the Gulf Stream front with an inshore region of divergence. In this region, during the winter period considered here, the ambient wind direction is northwesterly, so there is a broad connected band where the downwind SST gradient has the same sign. In contrast, in the Agulhas the wind direction is closely aligned with the mean axis of the front and the downwind SST gradient alternates in sign across each meander, resulting in the more isolated convergence centers.
A consequence of the increase in free tropospheric cloud over warm SST anomalies is a decrease in shortwave radiative flux reaching the sea surface. This appears as a positive correlation between high-pass filtered albedo and SST in the experiments with eddy-resolving oceans (Figs. 6b-c) , as well as in the CERES satellite observations (Fig. 6d) , but is absent in the experiment with lower ocean resolution (Fig. 6a) . This response is clearest over the Agulhas Return Current region. The spatial structure of the relationship between these quantities is shown in Figs. 7a-c for the model experiments and in Fig. 7d for satellite observations. As in the case of the response of surface winds, while capturing the correct sign of the relationship, the model underestimates the magnitude of the response of albedo to SST features.
This cloud effect on shortwave radiation reaching the sea surface represents a negative feedback on small-scale SST anomalies that is only present when the ocean model is eddy resolving. The midsummer top-of-atmosphere downward solar flux at 408S is 515 W m
22
, so a 2% change in albedo representative of the larger meanders in the Agulhas Return Current would result in a change in solar radiation reaching the surface of approximately 10 W m
. The relative contribution of this feedback to the surface energy balance is quantified by regression of high-pass filtered surface energy flux components on SST for the major frontal regions (Table 3) . For experiment 1, the regression between solar flux and SST is positive in all three regions -larger solar fluxes drive higher SST. In contrast, for experiment 3, the regression coefficients are negative for all three regions -higher SST is driving weaker solar fluxes. The difference between experiments for the solar flux feedback is greatest in the Agulhas region with a change in the feedback parameter of 14.3 W m 22 K
21
. There is change in the latent heat flux feedback with increasing resolution of comparable magnitude and a modest change in the sensible heat flux feedback. However, the solar radiation feedback is the only term in the frontal scale surface energy balance that changes sign across model resolutions. Latent and sensible heat flux feedbacks are negative and become more negative with increasing resolution.
Conclusions
Coupled climate system models in which the ocean component is eddy-resolving are on the horizon. The experiments presented here demonstrate that there is a fundamental change in the character of the coupling between the lower atmosphere and the sea surface in this class of models as compared to earlier models in which the ocean is not eddy resolving. A more realistic pattern of positive correlation between small-scale features in SST and low-level wind speed and stress emerges over ocean regions with strong fronts and mesoscale eddies. Despite this improvement in the distribution and pattern of this response, the strength of the coupling as measured by the regression coefficient of wind stress (and its divergence and curl) remains weaker than observed, with little change across atmospheric model resolutions. This is suggestive of remaining shortcomings in the representation of boundary layer processes in the atmospheric component model, which was previously shown to be the case for other models (Song et al. 2009 ). This dependence provides an additional constraint for assessing the veracity of the representation of these physical processes in next generation atmospheric and coupled climate models.
Analysis of the eddy-resolving coupled model simulations revealed a heretofore unappreciated signature of the atmospheric response to mesoscale SST features in the midlevel cloud and albedo distributions. While SST influence on clouds has been shown to occur over several strong SST fronts (e.g., Wai and Stage 1989; Deser et al. 1993; Hashizume et al. 2001; Minobe et al. 2008; Tokinaga et al. 2009 ), this has not previously been observed globally over the open ocean. The relationship between mesoscale SST and all-sky albedo detected in the model has been confirmed through an analysis of CERES albedo observations. The modified response of the cloud field results in a change in the sign of the feedback between frontal scale SST features and net surface solar flux. 23.0 6 1.9 22.7 6 0.6 22.7 6 0.5 LH 214.9 6 3.5 223.5 6 1.7 223.9 6 1.6 SH 26.2 6 1.9 211.0 6 1.1 211.0 6 1.0 GS SW 4.3 6 5.1 0.7 6 1.4 20.1 6 1.3 LW 23.0 6 2.3 23.1 6 0.6 22.9 6 0.6 LH 213.1 6 3.7 223.9 6 2.0 223.7 6 1.7 SH 25.0 6 1.8 29.0 6 1.0 29.1 6 0.9 ARC SW 12.8 6 8.9 21.0 6 1.2 21.5 6 1.3 LW 25.1 6 3.7 22.6 6 0.5 22.5 6 0.5 LH 216.3 6 5.1 225.8 6 1.2 225.7 6 1.3 SH 25.9 6 2.1 210.3 6 0.6 210.0 6 0.6
The relatively short length of these prototype integrations precludes a more in-depth study of the large-scale and lower-frequency implications of this new class of interaction on the global climate system. As longer experiments become computationally feasible, it will become possible to examine how the more realistic representation of near-surface processes feedback on the interior circulation of both the atmosphere and ocean.
